In this article, a radio access system with a self-backhauling full-duplex access node serving legacy half-duplex mobile devices is studied and analyzed. In particular, it is assumed that the access node is using the same center frequency for all the transmissions, meaning that also the backhauling is done using the same frequency resources as the uplink and downlink transmissions. It is further assumed that the access node has a massive array to facilitate efficient beamforming and self-interference nulling in its own receiver. As a starting point, the signal model for the considered access node is first derived, including all the transmitted and received signals within the cell. This is then used as a basis for obtaining the sum-rate expressions, which depict the overall rates experienced by the mobile users that are served by the access node. In addition, the data rate for the bi-directional backhaul link is also derived, since the access node must be able to backhaul itself wirelessly. The maximum achievable sum-rate is then determined by numerically solving an optimization problem constructed from the data rate expressions.
I. INTRODUCTION
Wireless inband full-duplex communications is widely considered to be one key enabling technology in achieving the required throughput gains of the future 5G networks. Its basic idea is to transmit and receive data signals simultaneously using the same center-frequency, and hence it has the capability to double the spectral efficiency of the existing systems, assuming that its full potential can be harnessed properly [1] - [7] . Many real-world demonstrations of inband full-duplex radios have already been developed by various research groups, which indicates that the concept is indeed feasible [1] , [4] , [5] , [8] - [10] . In addition, the framework and theoretical boundaries of inband full-duplex radios have been extensively studied in the recent years [3] , [11] - [16] .
In terms of a practical implementation, the fundamental issue for inband full-duplex devices is the coupling of the own transmit signal to the receiver. In particular, since the transmission and reception occur simultaneously over the same frequency channel, the transceiver will inherently receive its own transmit signal. What makes this especially problematic is the extremely high power level of the own transmission at this stage, which means that it will completely drown out the intended received signal. This phenomenon is typically referred to as self-interference (SI), and reducing its effect is one of the main research areas in this field. The various proposed SI cancellation solutions [9] , [17] - [21] and actual implementations and measurements already show that solving the problem of SI is not far from reality [1] , [8] - [10] , [21] , [22] .
In addition to SI cancellation, a large portion of the research has also focused on how to best make use of the full-duplex capability on a network level [7] , [23] , [24] . This is a tedious issue since in many applications the traffic requirements are asymmetric between the two communicating nodes, such as in mobile networks, for instance [25] . Because the inband full-duplex principle assumes completely symmetric traffic to realize the doubling of spectral efficiency, this will compromise the potential throughput gains that could be achieved by it. Thus, more advanced schemes are likely needed in order to realize the full potential of inband full-duplex radios in practical network scenarios. Such schemes include the possibility of having a full-duplex access node (AN) in an otherwise legacy half-duplex mobile cell [7] , [24] . This would allow the AN to simultaneously serve the uplink (UL) and downlink (DL) while utilizing the same frequency resources. By proper multiplexing and active scheduling, this scheme would result in the AN fully exploiting its full-duplex capability in both directions [7] . is serving the half-duplex UEs using wireless self-backhauling, all at the same center-frequency.
In this paper, this type of a communication scenario will be analyzed and developed further in the context of a cellular network, as illustrated in Fig. 1 . In particular, we consider a situation where ANs are located densely to achieve high throughputs for the user equipments (UEs), for example, in a future 5G network. A special challenge in such ultra dense cellular networks is the backhaul connection, which must be able to support the mobile traffic of each cell. However, due to the dense deployment, it is very expensive to install wired backhaul links for all the cells, and thus wireless self-backhauling is a highly lucrative solution [26] - [29] . In such a case, as shown in Fig. 1 , the backhaul data is transferred with a wireless point-to-point link between the AN and some sort of a backhaul node (BN), which then further relays the data towards the actual core network using either a wired or a wireless link. To reduce the cost of deployment, it is assumed that the same BN serves several ANs.
If it is further assumed that the AN has large arrays of antennas at its disposal, the same frequency band can be used for all the transmissions. In particular, such massive antenna arrays allow for efficient beamforming, which can be used to prevent the interference between different streams [26] . Thus, having massive transmit and receive antenna arrays, together with full-duplex capable radios, allows for using the same frequency channel for both the UL and DL, as well as for the wireless backhaul link. This results in an extremely high spectral efficiency without the additional cost of using, e.g., fiber-optic cables for the backhaul-link. In a sense, the same frequency band is reused for everything within a single cell and spatial multiplexing is used to differentiate the various streams and signals shown in Fig. 1 . This is made possible by the massive array and the rich scattering environment of a typical mobile cell.
The massive transmit antenna array also makes it possible to attenuate SI by zero-forcing beamforming [30] . Namely, the transmit signals will be precoded such that nulls are formed in the positions of all the receive antennas, which will significantly decrease the SI power coupled back to the receivers. In addition to this, more traditional SI cancellation can be performed, e.g., in the digital domain to suppress the residual SI [6] , [8] , [18] . Nevertheless, in this article the emphasis is on the system-level analysis, and thus a baseline SI cancellation performance will be assumed in the later analysis without explicitly addressing how the SI is canceled.
The main focus in this paper is to determine the best way of utilizing the full-duplex capabilities of the considered large array AN. In particular, we will investigate whether the highest sum-rate for the mobile users will be achieved by performing all the communication at the same time, or whether there should be some type of scheduling between the different tasks. Thus, in the latter option, the different data streams visible in Fig. 1 would also be separated in time, in addition to spatial separation. In particular, the full-duplex case is compared to a corresponding half-duplex AN, and to a relay type AN. Earlier research has already shown that an AN does not necessarily maximize its sum-rate by operating constantly in full-duplex mode [14] . Thus, this analysis provides fundamental findings regarding the most efficient communication schemes for a full-duplex capable AN in an ultra dense deployment scenario where wired backhaul connection is not an option. This is likely to be an important aspect in the context of the future 5G networks, where the ANs must be deployed much more densely to obtain the required improvements in the data rates [31] , [32] .
The more detailed contributions of this paper are as follows:
• Providing a system model for the considered cell, where the AN uses zero-forcing beamforming to both steer the beams and partially null the self-interference. Related to this, also the general signal-to-interference-plus-noise ratio (SINR) expressions for the different signal streams, and the corresponding achievable rate expressions, are derived, covering pure full-duplex, pure half-duplex and hybrid relaying system scenarios.
• Defining the optimization problem for obtaining the highest possible sum-rate and optimal transmit powers. This is done separately for each of the considered communication schemes.
• Providing extensive numerical results with realistic system parameter values. These results will then show which of the communication schemes obtains the highest sum-rate, and under which conditions, providing new scientific understanding related to the adoption of full-duplex radios in future networks.
The rest of this article is organized as follows. In Section II, the system model is described and the general SINR expressions are derived. Also the different communication schemes are described in this section. The optimization problem is then defined and explained in Section III, while Section IV shows the numerical results, which have been obtained by numerically solving the optimization problem. Finally, conclusions are drawn in Section V.
II. SYSTEM MODEL AND SUM-RATES
As already discussed, the leading motivation behind this work is to accommodate the large data rate demands of future wireless networks by allowing for a denser deployment of cells.
This makes wireless backhaul connection an interesting aspect, as it might not be economically feasible to lay fiber optic cables for each of the cells. Hence, implementing cells or ANs capable of self-backhauling is a viable option to lower the costs of deployment [26] - [29] . Furthermore, by performing the backhaul data transfer on the same frequency band as the communication with the UEs, no additional spectral resources are required. This means that the frequency planning involved in the described system does not differ from that of traditional ANs.
To further improve the spectral efficiency of such cells, all the communication can be done in full-duplex mode. Assuming that the problem of SI can be managed, this can ideally result in the doubling of the data rates compared to a legacy half-duplex solution. However, it is not trivial whether doing everything in full-duplex is the optimal scheme under all circumstances.
Especially, if the SI cancellation capabilities of the AN are poor, a full-duplex scheme is likely to be inferior to a scheme that avoids the SI entirely. For this reason, we will address different schemes for implementing the backhaul connection, as well as the UL and DL connections.
These schemes are then analyzed and compared in terms of the achievable sum-rates.
A. Generic System Model for Large Array Full-Duplex Access Node
Let us consider a wireless cell with a large array AN that is communicating with SISO UEs and a MIMO BN. The AN is assumed to have N t transmit and N r receive antennas, and it is transmitting M t signal streams while receiving M r signal streams. Depending on the chosen operation scheme, M t and M r can consist of the data signal streams to and from the UEs and/or the backhaul data streams. Based on the assumption that the AN has a large array of antennas, we can write that N t >> M t and N r >> M r . Now, the signals received by the UEs and/or the BN can be written as follows:
where H t ∈ C Mt×Nt is the total channel matrix between the AN and all the intended receivers,
x ∈ C Nt×1 is the transmit signal of the AN and z ∈ C Mt×1 represents the different noise and interference sources. In this paper, Rayleigh fading between all communicating parties is assumed, which means that
containing the path loss normalized fading variances to the different receivers. In the continuation, to simplify the terminology and literary presentation, the path loss normalized fading variances are simply referred to as path losses.
The precoded transmit signal x is formed from the DL transmit data as follows:
where W ∈ C Nt×Mt is the precoding matrix, Γ ∈ C Mt×Mt is a diagonal matrix containing the square roots of the transmit powers allocated for each symbol stream in its diagonal, and q ∈ C Mt×1 contains the transmit data symbols. The power of the data symbols is assumed to be normalized as E |q k | 2 = 1 where q k is the kth symbol. Furthermore, to allow for nulling the SI at all the receive antennas of the AN, it is assumed that N t > N r + M t . Even though the transmitter power amplifier induced nonlinear distortion is typically a significant issue in full-duplex devices [6] , in this analysis we are using a linear signal model for simplicity. Furthermore, in a massive MIMO transmitter, the powers of the individual transmitters are typically small, alleviating the effects of the nonlinearities to some extent.
In order to produce the desired transmit signal for each antenna from the actual transmit symbols, the precoding matrix W must be first defined. In this work, zero-forcing (ZF) beamforming is considered since it is usually a good solution for high SNRs [33] . Denoting the SI channel matrix between the AN transmit and receive antennas by H s ∈ C Nr×Nt and assuming that the AN has full channel state information (CSI) available, the ZF precoding matrix for the DL transmission in full-duplex mode can be written as [33] 
where
H denotes the Hermitian transpose, and Λ ∈ C (Mt+Nr)×Mt is a non-square diagonal normalization matrix containing the individual normalization factors λ k . The purpose of the normalization matrix is to ensure that precoding does not affect the expected effective powers of the data symbols. This is necessary in order to investigate the sum-rate with respect to the true transmit power allocated for each symbol stream, which is defined by the matrix Γ. The elements of the normalization matrix are derived in Appendix A and for the full-duplex operation mode they can be expressed as
For a half-duplex transmission period, the ZF precoding matrix is derived in a similar manner [33] , and also the λ k are otherwise identical, with the exception of N r not being subtracted since there is no need to null the receive antennas. Now, we can rewrite the received signal at the intended receivers as
where Λ ∈ C Mt×Mt denotes Λ with the zero rows removed. To express the individual received signals, (4) can alternatively be written component wise as
where k = 1, 2, . . . , M t and p k is the kth diagonal element of Γ.
Stemming from (5) and assuming a large transmit antenna array, the SINR of the kth data signal transmitted by the AN can then be expressed as follows for the full-duplex scheme [30] , [33] :
where σ Using nearly an identical derivation as for the transmit signals (cf. [30] ), the SINR for the jth data signal received by the AN can be expressed as
where L l is the path loss of the lth signal stream, M r is the number of received signal streams, p l is the corresponding transmit power, and σ 2 r ,N + σ 2 r ,I ,l is the variance of the noise-plus-interference term. Note that, in order to make the analysis more straight-forward, the possible beamforming done by the BN is omitted from the equations. This means that, from the modeling perspective, all the processing for both the received and the transmitted backhaul signals is done by the AN.
Together, the expressions in (6) and (7) can then be used to determine the transmission SINRs and the corresponding sum-rates for the different schemes, which are presented below.
B. Different Communication Schemes, SINRs, and Achievable Rates 1) Full-duplex: The scheme where everything is done in full-duplex mode is illustrated in Fig. 2 . The considered system consists of the actual AN, which has large antenna arrays, the BN, and the UEs. The UEs are further divided into UL and DL UEs. This type of a full-duplex system suffers from both SI and IUI. The latter is a somewhat more tedious problem than SI, as it cannot be cancelled quite as easily because of the interfering signal being now unknown.
Even though there are also advanced methods for attenuating the IUI [34] , [35] , in this paper we assume that the only factors affecting its power level are the transmit power of the UL UEs and the path loss. In addition to serving the UEs, the AN must also maintain the bidirectional backhaul link using the same frequency band.
To consider a more general system, the forthcoming equations also account for possible intracell communication between the UL and DL UEs. Essentially, this means that some of the data traffic does not need to backhauled, thereby releasing resources for other tasks. Furthermore, two types of intra-cell transmissions are considered: a direct device-to-device (D2D) communication between the UL and DL UEs, and a case where the AN is relaying the traffic inside the cell.
Thus, in the former, part of the IUI becomes in fact useful information, while in the latter the AN acts as a relay. As mentioned, in both of these cases the load on the backhaul link is decreased since the intra-cell traffic does not require backhauling. However, the D2D transmissions require the AN to use some degrees-of-freedom to null the interference caused by them and to ensure that it does not interfere with the UEs receiving the D2D transmissions.
As a starting point for the sum-rate analysis, the DL SINRs for this particular scheme are first determined. Assuming that each UE experiences similar fading and path loss conditions, the DL SINR for an individual UE can be approximated using (6) as follows:
where L UE is the path loss between the AN and each UE, D is the total number of UEs in the DL, U is the total number of UEs in the UL, K D2D is the number of UE pairs communicating within the cell in a D2D fashion, M BH t is the number of transmitted backhaul signal streams,
is the transmit power of the D2D UEs, σ 2 n is the receiver noise power, L UD is the path loss between all the UL and DL UEs, and P u is the transmit power of the UL UEs. Note that now the interference power term consists of the IUI produced by the U UL UEs transmitting simultaneously to the AN and to the other D2D UEs, where the path loss between all the UL and DL UEs is assumed to be the same for simplicity.
The UL SINR can be approximated in a similar manner, assuming that also all the UL UEs experience similar fading and path loss conditions. Using (7), it can be expressed as follows:
where α is the amount of SI attenuation, modeling both the accuracy of the beamforming procedure as well as the effectiveness of the other SI cancellation stages, M BH r is the number of received backhaul signal streams, and P BH u is the total transmit power of the backhaul signal stream, transmitted by the AN.
The SINR for the D2D data streams between the UEs is of a slightly different form as it is assumed to be a SISO link. Thus, there is no beamforming gain or possibility of spatial multiplexing. The D2D SINR can simply be approximated as follows:
= 1
where it is again assumed that the path loss conditions are the same for all the UE pairs within the cell. Now, as opposed to the DL SINR, one of the streams from the UL UEs to the DL UEs is not interference, but instead constitutes the signal of interest. The SINRs written above can then be used to calculate the different data rates for the considered system. Making the typical assumption that the noise and interference signals are
Gaussian distributed, we can obtain a lower bound for the channel capacity using the ShannonHartley theorem [30] , [33] . In particular, for a large transmit antenna array, the achievable DL data rate can be written as follows:
where K AN is the number of UE pairs communicating within the cell but via the AN, as opposed to the D2D UEs. In a similar fashion, for a large receive antenna array, the corresponding achievable UL data rate can be written as follows:
The data rate for the intra-cell traffic consists of the D2D transmissions as well as of the intra-cell traffic relayed by the AN. Noting that the data rate of the latter is defined by the SINR of the weaker link, i.e., UL or DL, the intra-cell data rate can be expressed as
Using (11)- (13), the total sum-rate of the system can then be written as
An important consideration for the analyzed system utilizing wireless self-backhauling is also the capacity of the backhaul connection. Namely, it must be equal to or higher than the sum-rate of the served UEs, obviously excluding the UEs engaged in communication within the cell. For this reason, the data rate of the backhaul link must be taken into account in the analysis of this type of an AN. Using a similar approach as above, the data rates of the backhaul link in the two directions can be written as follows:
and
where L BH is the path loss of the backhaul link, and P
BH d
is the total transmit power of the BN.
In this work it is assumed that the BN can perfectly manage its SI by some means, while also supporting the specified numbers of spatial streams. This results in the lack of any interference terms in (16) . Assuming perfect SI cancellation in the BN is justifiable since it can be reasonably expected to be a fixed installment with a lot of computational and other hardware resources.
Now, to ensure a feasible system, the backhaul link must be able to accommodate the traffic generated by the UEs, excluding the intra-cell traffic. This means that the following constraints must be met:
As long as these constraints are fulfilled, the sum-rate given in (14) can be realized. This is an important aspect in the forthcoming optimization of the transmit powers, which will be discussed in more detail in Section III. 2) Half-duplex: One obvious alternative to the aforementioned full-duplex scheme is to introduce such scheduling that all the communication is done in half-duplex mode. In practice, such a system utilizes time division duplexing (TDD) where the whole frequency band is reserved for either transmission or reception at any given time. In terms of the analyzed AN with a wireless backhaul connection, one possible scheduling scheme is shown in Fig. 3 . There, the system has two different time slots, one for transmission and one for reception. In the former, the AN transmits data to the backhaul link and to the UEs, whereas in the latter it receives data from them. This removes the problems of SI and IUI at the cost of decreased spectral efficiency.
Namely, in principle the AN now requires more temporal resources to carry out the same tasks in comparison to the full-duplex scheme. Again, it is assumed that there is a certain amount of UEs communicating only within the cell, either via the AN or directly in a D2D fashion. The D2D communication is allowed only during the UL time slot to prevent the IUI from decreasing the DL data rate. Similar to the full-duplex scheme, the AN again uses some degrees-of-freedom to null the interference caused by the D2D transmissions.
To investigate the trade-off between avoiding interference and using more temporal resources, let us derive the sum-rates also for this scheme. Following a similar derivation as in the previous section, the DL data rate can be written as follows:
where η is the proportion of time spent in the DL time slot, and the SINR can be written as follows, based on (6):
As can be be observed from (20) , now there is no interference in the DL, nor is there any loss of degrees-of-freedom due to nulling the receive antennas. However, the rate in (19) is decreased by the time division duplexing factor η since the available time must be divided between transmission and reception. The corresponding UL data rate can then be expressed as follows:
The data rate of the intra-cell traffic can be defined in a similar form as in the full-duplex scheme, the only difference being that now the direct D2D transmissions are allowed only during the UL time slot. Hence, the overall data rate for the intra-cell traffic can be written as
where SINR D2D is as defined in (10) . Note that the D2D transmissions still suffer from IUI since they occur simultaneously with all the other UL transmissions.
Based on (19) , (21), and (23), the sum-rate of the half-duplex scheme can finally be written as follows:
Again, the backhaul link must be able to provide a sufficient data rate to enable the AN to serve all the UEs. Similar to the full-duplex case, the transmission and reception data rates of the backhaul link can be written as
As illustrated also in Fig. 3 , now the AN does its backhaul transmission in the same time slot as the DL transmission to avoid simultaneous transmission and reception. The relationship between the sum-rate of the AN and the data rate of the backhaul link is again the same as specified in (17) and (18) .
Based on (19)- (26), an intuitive interpretation regarding the relationship between the sum-rates of the full-duplex and half-duplex schemes is that it highly depends on the level of the total interference, consisting of both the SI and the IUI. With low path loss between the UL and DL UEs and poor SI cancellation performance, the half-duplex scheme is likely to be the better option due to it being immune to the interference. On the other hand, if the AN is capable of efficiently suppressing the SI signal, and the UEs do not strongly interfere with each other, the full-duplex scheme will probably provide the higher sum-rate. This will be demonstrated through the explicit sum-rate optimization in Sections III-IV.
3) Hybrid Relay: In addition to the above extreme cases of purely full-duplex and half-duplex systems, an interesting scheme is a relay type AN, which simply relays the UL signal to the BN during one time slot, and then in the other time slot relays the signal from the BN to the DL UEs. Figure 4 illustrates this type of a solution. The benefit of this scheme is that the problem of IUI is completely avoided, similar to the half-duplex scheme, while the full-duplex capability of the AN is still utilized to some extent. The obvious drawback is, however, that now everything cannot be done simultaneously, which will inherently decrease the achievable rate.
The DL and UL data rates for this scheme are derived similar to the other schemes, and they can be expressed as follows:
where the SINRs, again given directly by (6) and (7), are
Since the backhaul-transmission occurs now in the UL time slot, the UL signal suffers from SI, which will result in a somewhat decreased data rate.
The data rate of the intra-cell traffic is of the same form as in the half-duplex scheme, and it is given directly by (23) . Also the SINR of the D2D transmissions is the same as in the half-duplex and full-duplex schemes, and thus only the DL and UL SINRs must be replaced by (29) and (30), respectively. Note that the D2D transmissions are again performed during the UL time slot to prevent them from interfering with the DL signals. Thus, also in this scheme, only the D2D transmissions suffer from IUI.
The expressions in (23), (27) , and (28) then allow us to define the sum-rate of the hybrid relay scheme, which can be expressed as follows:
This is of the same form as the sum-rate of the half-duplex scheme, the only difference being that the UL and DL SINRs are different for the two schemes.
In this scheme, the data rate of the incoming backhaul signal also suffers from SI due to the simultaneous DL transmission. Hence, the data rates for the backhaul link can now be written as follows:
Due to the simultaneous transmission periods for the backhaul and D2D signals, the AN must form nulls to the UEs receiving the D2D transmissions to avoid interfering with them, similar to the other schemes. Again, a crucial aspect of the considered cell is that the backhaul link should be able to match the data rates of UL and DL. Otherwise the system will be bottlenecked by the backhaul connection.
III. OPTIMIZING THE SUM-RATES
Let us next define the optimization problem that maximizes the sum-rate of the self-backhauling AN under the different considered communication schemes. The maximization can be done based on the rate expressions derived in Section II, taking into account the necessary constraints, which ensure the feasibility of the system.
A. Constraints
A fundamental system level constraint is given by (17) and (18), and it applies to all the different schemes. The constraint specifies that the backhaul connection must have an equal or higher rate than the UL and DL connections. In other words, the AN should balance its resources such that the backhaul connection is not limiting the overall rate, while maximizing the rate experienced by the mobile users. This gives us the following inequality constraints:
where λ includes the parameters to be optimized. Note that the backhaul link only has to provide enough data rate for the outgoing and incoming traffic, not for the traffic occurring within the cell. Hence, the term C IC is not included into the constraints in (34) and (35) .
To obtain meaningful results, the transmit powers must also be restricted. This means that the available transmit powers of the AN, the BN, and the UEs are upper-limited. For the AN, this gives the following constraint:
where P AN is the predefined maximum transmit power of the AN. In the hybrid relay scheme, (36) is reduced to a simple inequality requirement for a single transmit power, as P d and P
BH u
cannot both be non-zero at the same time.
Similar restrictions are applied also to the other transmitting parties. For them, the constraints are expressed as follows:
where P UE is the maximum transmit power of a single UE, and P BH d,max is the maximum transmit power of the BN.
An important consideration is also the relationship between the UL and DL data rates. In particular, it has been shown that typically the data rate requirements are heavily asymmetrical between UL and DL, such that the required UL data rate is only a fraction of the required DL data rate [36] . In this analysis, the asymmetry is taken into account by establishing a relationship between the data rates, which is expressed as
where ρ is the ratio between the UL and DL data rates. This requirement ensures that the total sum-rate is divided in a proper manner between the UL and DL users. To allow for sufficient flexibility in the data rate requirements, in the actual optimization ρ is allowed to vary within certain boundaries, i.e., ρ min ≤ ρ ≤ ρ max . This gives us the following inequality constraints:
Note that the intra-cell traffic, represented by C IC , is left out of the rate ratio constraints, meaning that it is treated as an independent and unrestricted component in the sum-rate.
In addition, the half-duplex and hybrid relay schemes involve the parameter η, which specifies the proportional lengths of the two time slots. It is constrained by
This obviously stems from η being essentially the percentage of time spent in the time slot during which DL transmissions are conducted. Equation (43) can be transformed into two inequality constraints as follows:
Together, (34)- (45) provide the constraints for the optimization problem, which aims at maximizing the total sum-rate experienced by the mobile users. Below, the actual optimization problem will be defined and discussed in detail.
B. Optimization Problem
The actual maximization of the sum-rate is done by selecting the optimal transmit powers for all communicating parties. In general, the optimization problem for maximizing the sum-rate can be written as follows:
Here, X ∈ {FD, HD, RL} and S X (λ) is the sum-rate with respect to the parameter vector defined as
and g is a vector-valued function containing the constraints as
Note that in the full-duplex scheme the time division parameter η does not affect the sum-rate and thereby its value can be set arbitrarily in that case. Furthermore, in the cases where there are no D2D transmissions, i.e., K D2D = 0, the value for P D2D u is set to zero. Now, we can finally write the optimization functions for all the three schemes. For the full-duplex scheme, it can be expressed as
For the half-duplex scheme, the sum-rate can be written as
(50) 20 Finally, the sum-rate of the hybrid relay scheme is as follows:
Equations (49), (50), and (51) are then used as described in (46) to determine the optimal sum-rates for the three considered communication schemes under different circumstances.
IV. NUMERICAL RESULTS
The numerical values for the optimal sum-rates are evaluated using the example parameter values specified in Table I . These values are used in the calculations unless otherwise stated.
The optimization is performed with Matlab using the function fmincon, which is capable of performing optimization under nonlinear inequality constraints. The optimization routine is then run with several random initial guesses to ensure that the true global maximum is found with a reasonable certainty. The following results show then the optimized sum-rates for the different schemes. In addition, the sum-rates without any optimization are also shown for all the schemes, meaning that the maximum available transmit powers are used, and η = 0.5. This illustrates the gains achieved by optimizing the transmit powers.
Figure 5(a) shows the maximum sum-rates for different amounts of SI cancellation, with the other parameters being set according to Table I . In this case, it is assumed that none of the UEs is communicating within the cell, i.e., K D2D + K AN = 0. The sum-rate of the half-duplex scheme is obviously constant, as it does not depend on the SI cancellation ability of the AN.
With these parameters, the optimized half-duplex scheme provides the highest sum-rate when the amount of SI cancellation is less than 88 dB. This is the threshold value for the SI cancellation performance, under which full-duplex communications is not beneficial in any form.
When the SI cancellation performance is between 88 dB and 120 dB, the hybrid relay scheme is the optimal solution. Within this range, the full-duplex capability of the AN is beneficial, while Ratio between UL and DL data rates (ρmin -ρmax ) 15-30 % it is still not enough to compensate for the negative effect of IUI. Thus, the hybrid relay scheme, which utilizes the full-duplex capability of the AN while avoiding the IUI by design, provides the highest sum-rate. However, when the amount of SI cancellation rises above 120 dB, the pure full-duplex scheme provides the best performance. This is the point, after which the optimal solution is to do as much of the transmissions in full-duplex mode as possible. Thus, even at the cost of significant IUI, the AN should serve the UL and DL users at the same time to maximize the sum-rate.
It is also evident that using the maximum transmit powers provides clearly an inferior sum-rate.
The full-duplex scheme obtains the worst performance without optimization, since it can hardly provide any data rate then. This is due to the fact that in this case the AN transmit power is simply divided evenly between the backhaul and DL transmissions, which results in an extremely low DL data rate. The hybrid relay and half-duplex schemes obtain reasonable sum-rates also without optimization, but they are still heavily outperformed by their optimized counterparts. i.e., when there is one UE pair communicating only within the cell. It can be observed that the manner in which the intra-cell traffic is handled does not significantly affect the sum-rate.
However, overall, the sum-rates for this situation are slightly lower than when K D2D + K AN = 0.
For the case with K AN = 1, this is caused by the fact that the intra-cell traffic is counted only once when calculating the sum-rate. In the case of Fig. 5(a) , the data rate for both of these UEs is included in the sum-rate, resulting in a higher result. However, if the backhaul capacity of the AN is low, then having part of the UEs communicating only within the cell will result in a higher sum-rate, as will be shown later.
When K D2D = 1, the lower sum-rate is explained by the generally lower SINR of the D2D link, caused by the limited UE transmit power. Thus, even though the AN has more power available to serve the remaining DL UEs, the low rate of the D2D link is enough to reverse the positive effects. All in all, for these fully optimized schemes, there is essentially no difference in the relative performances between the cases of K D2D = 1 and K AN = 1. Hence, with these system parameter values, it does not matter whether the intra-cell traffic is handled via the AN or directly D2D.
Another significant aspect for the performance of the considered AN is the capacity of the backhaul link, which is greatly dependent on the number of signal streams. For this reason, Figs. 6(a) and 6(b) show the achievable sum-rates when the number of transmitted backhaul signal streams is set to 2 and 3, respectively. The sum-rates are plotted with respect to the number of UE pairs communicating within the considered cell. The number of received backhaul signal streams is always set to be twice the number of transmitted signal streams to allow for a higher data rate in the DL.
When there are only two transmitted signal streams, the backhaul link is heavily bottlenecking the achievable sum-rate of the cell. For this reason, the intuitive assessment is that the more of the UEs are communicating within the cell, the higher is the sum-rate that can be achieved. Without D2D transmissions (K D2D = 0), this seems to be the case to certain extent. For the full-duplex scheme, the highest sum-rate is achieved when there are 3 UE pairs communicating within the cell (i.e., K AN = 3). Beyond this point, the sum-rate starts to decrease since the backhaul connection can already support the traffic requirements of the rest of the UEs. This phenomenon occurs also with the hybrid relay and half-duplex schemes, with the former obtaining the highest rate when K AN = 5, and the latter when K AN = 3. The reason for the different optimal point of the hybrid relay scheme is in the way the capacity is divided between the UL, DL, and backhaul link. Namely, each of the three schemes have different characteristics for the achievable rates of the different links, which in turn define the optimal ratio between intra-cell and outgoing traffic.
The sum-rate behaves somewhat differently when the intra-cell traffic is handled by D2D
transmissions (K AN = 0). When observing Fig. 6(a) , it can be seen that in this case the sum-rate of all the schemes is maximized when K D2D = 1. This is explained by the relationship between the additional interference produced by the D2D transmission and the amount of resources it frees in the AN. When there is only one UE pair communicating in a D2D fashion, the additional IUI only affects the DL UEs, while with more than one D2D UE pair the different D2D transmissions interfere also with each other. For this reason, under a low-rate backhaul connection, the most optimal value for K D2D is 1. Moreover, with the hybrid relay and half-duplex schemes, in such a case it is in fact better to handle the intra-cell traffic with D2D communication instead of routing it via the AN.
The same general conclusions apply also to the case with three transmitted backhaul signal streams, as can be observed in Fig. 6 (b), with the difference that now the optimal amounts of intra-cell UE pairs for the different schemes are obviously smaller, due to the higher capacity of the backhaul link. Overall, it should also be noted that, for both M To investigate the effect of the backhaul link capacity further, Fig. 7(a) shows the sum-rates of the different schemes with respect to the number of transmitted backhaul signal streams. In this case, it is assumed that there is no intra-cell traffic, i.e., K D2D + K AN = 0. As can be expected, if the number of signal streams is very small, the capacity of the backhaul link is bottlenecking the sum-rate of the cell, which is also clearly visible in the figure. There are also differences in how the capacity of the backhaul link affects the different schemes. Similar to the earlier observations, with a low-rate backhaul link, the full-duplex scheme clearly outperforms all the other schemes, since it can utilize the backhaul resources more efficiently. However, its performance saturates already with 3 or more transmitted backhaul signal streams, and thus it is not the best solution when the data rate of the backhaul link is high.
The half-duplex and hybrid relay schemes, on the other hand, benefit greatly from any increase in the backhaul link capacity. They perform rather poorly when the backhaul capacity is low but can obtain a high sum-rate when given more backhauling resources. Especially, the hybrid relay scheme is the best solution when there are 6 or more transmitted backhaul signal streams, while also the half-duplex scheme outperforms the full-duplex scheme with 10 or more signal streams.
The sum-rates of the unoptimized schemes are again lower than those of the optimized schemes, as can be expected. The effect of optimization on the hybrid relay and half-duplex schemes is not as significant when the backhaul capacity is the bottleneck. However, the sum-rate of the unoptimized schemes saturates with 5 or more backhaul signal streams, while the optimized schemes can improve their sum-rate even after this point. Hence, with a high-rate backhaul link, the significance of optimizing the transmit powers is especially emphasized.
To obtain further insight into how the amount of intra-cell traffic affects the sum-rate with different backhauling capacities, Fig. 7(b) shows the sum-rate of the hybrid relay scheme with respect to the number of transmitted backhaul signal streams when
It can be observed that, when the capacity of the backhaul link is the bottleneck, having a larger amount of intra-cell traffic provides a higher sum-rate, as long as the traffic is routed via the AN. This is intuitively clear, since in this case every UE pair communicating within the cell will provide a certain data rate without requiring any backhauling. Furthermore, with scarce backhauling resources and only one intra-cell UE pair, it can be observed that it is better to handle the intra-cell traffic with D2D transmissions, since the case with K D2D = 1 provides a higher sum-rate than the one with K AN = 1. This observation is in line with the deductions made from Figs. 6(a) and 6(b).
However, when the number of backhaul signal streams is 4 or higher, a larger amount of intra-cell traffic will in fact decrease the sum-rate. The reason for this is that all the intra-cell data is generated and consumed within the cell, and thereby it only has a onefold contribution to the sum-rate, as discussed earlier. On the other hand, if the UE pairs were communicating with the outside world, the respective data rates of both the transmitting and receiving UEs would be counted towards the sum-rate, resulting in a much larger contribution. Thus, with a high-capacity backhaul link, a large amount of intra-cell traffic is not beneficial when using this particular metric.
Overall, the obtained results indicate that utilizing the full-duplex capability of the AN typically results in a higher sum-rate than performing all the communication in half-duplex mode. In particular, the results indicate that as long as the total amount of SI cancellation is at least 90 dB, either the hybrid relay or the full-duplex scheme provides the highest sum-rate. This level of SI cancellation can already be reached with actual demonstrator implementations, such as those reported in [8] , [10] . However, it is important to note that the transmit powers of the schemes must be optimized in order to reach the aforementioned performance levels. Simply using the maximum transmit powers does not result in any performance gain when utilizing the full-duplex capability of the AN. An additional benefit of optimizing the transmit powers is the lower amount of radiated power, which reduces the energy consumption of the network while also improving the spectral efficiency.
V. CONCLUSION
This article studied and analyzed a radio access system where a full-duplex access node is wirelessly backhauling itself while serving legacy half-duplex UEs. In order to maximize the spectral efficiency, all of the transmissions were assumed to be done using the same centerfrequency, meaning that also the backhauling is done in full-duplex mode. The proposed system was then evaluated in terms of the sum-rate that could be achieved under the constraint that all the data was backhauled wirelessly. The achievable sum-rates of the full-duplex access node
were then compared to corresponding half-duplex and hybrid relay access nodes. After obtaining the sum-rate values by numerical optimization using typical system parameter values, it was observed that under most circumstances the highest sum-rate is provided by the hybrid relay scheme, which essentially means that the access node acts as a full-duplex relay between the UEs and the backhaul node. In addition, the results showed that the half-duplex scheme is under most circumstances the worst option in terms of the achievable sum-rate. Hence, in order to obtain the highest possible sum-rate, the full-duplex capability of the access node should be utilized, leading to improved spectral efficiency and reduced energy consumption of the network when combined with proper transmit power optimization.
APPENDIX

A. Derivation of the Normalization Factor for the Zero-Forcing Precoding Matrix
In order to maintain the power of each symbol during the precoding procedure, the column wise norms of W corresponding to the actual data symbols must be normalized to 1. This ensures that, when considering the precoded transmit data, the total power corresponding to each individual data symbol is not affected by precoding. Thus, we get the following constraint:
where w k is the kth column of W. The unnormalized precoding matrix is defined as
Let us now investigate its kth column, denoted by w k . Using basic matrix algebra, we can express the expected squared norm as
CN (0, L SI ), and as a result also H ∼ CN (0, L tot ), where
This allows us to write H = L 1/2 totH , whereH ∼ CN (0, I). Then, we get
where L k is the kth diagonal of L tot . Furthermore, when N t is large, the kth diagonal of HH H −1
can be approximated by the average value of all of its diagonals. Thus, we can rewrite (56) as follows: 
Thus, we have
Hence, it is clear that if
then
and the constraint given in (52) is fulfilled. Thereby, this gives us the normalization factors as follows:
In order to multiply the kth column of W by λ k and transform it into the required dimensions, the normalization factors for k = {1, 2, . . . , M t } are used to form the (M t + N r ) × M t diagonal matrix Λ, which is used as shown in (3).
In half-duplex mode, H = H t , which results in normalization factors of the form λ k = L k (N t − M t ) after an identical derivation. In a similar manner, the normalization factors for the receiver precoder in all the communication modes are λ k = L k (N r − M r ), where M r is the number of parties transmitting to the AN.
